How to develop a new, efficient photo catalyst is still a big challenge to us. A suitable band gap is the key for light absorption of semiconductor. Herein, an innovative anion intercalation strategy is, for the first time, developed to regulate the energy band of semiconductor. Typically, we introduce a layered sulfate compound (Bi 2 O(OH) 2 SO 4 ) as a new photo catalyst, which has not been known before. Both partial density of states (PDOS) and total density of states (TDOS) have demonstrated that compared with Bi 2 O 3 (2.85 eV), the band gap of Bi 2 O(OH) 2 SO 4 has been widened to 4.18 eV by the intercalation of sulfate anion. Moreover, the band gap width of oxyacid salt compound is mainly predominated by the number of the outmost electrons (NOE) of central atom of anion. This study suggests that new photo catalysts can be developed by grouping anions with the existing oxides or sulfides.
S ince the first report by Fujishima and Honda 1 , photo catalysis has been researched extensively 2, 3 , which only utilizes abundant solar energy 4 . Up to now, a variety of semiconductors photo catalysts have been developed including oxides 5 , sulfides 6 , oxysalts 7 and polymers 8 and many efforts have been made to explore beneficial structure 9 and suitable compositions 10, 11 . Regrettably, the practical applications are limited by the low quantum efficiency, light utilization efficiency and photo activity. Thus, it is still a big challenge to develop the efficient, inexpensive photo catalysts, which would greatly promote the applications of this technology in practices.
Recently, nonmetal oxyacid salts have attracted significant attentions from researchers. [12] [13] [14] [15] [16] [17] [18] Ye et al. 12 have reported that Ag 3 PO 4 has an outstanding photo oxidation activity, and they have further suggested that the new oxyacid salts photo catalysts could be potentially developed through combining p-block nonmetal elements (e.g., B, P, S, etc.) with binary oxide (e.g., Bi 2 O 3 , Cu 2 O, etc.). This prediction can be demonstrated by an efficient BiPO 4 photo catalyst 13 . Zhu et al. 13 have revealed that it is the inductive effect of large dipole resultant from negativelycharged PO 4 32 anion that benefits the photogenerated charge separation. Besides BiPO 4 and Ag 3 PO 4 [13] [14] [15] , the other oxyacid salts containing nonmetals have also been reported to have higher activities than titania, including Bi 3 17 and Cu 2 (OH)PO 4 18 , and so on. In these cases, the characteristic layered structure of (Bi 2 O 2 ) 21 is believed to produce an internal electric field that is favorable for the efficient separation and transfer of photogenerated electrons and holes. Furthermore, Bi-based semiconductors are also found to possess the hybridized energy band structures on account of the lone pair electrons of bismuth, which can effectively inhibit the recombination of photogenerated electrons and holes [12] [13] [14] [15] . Besides, the hydroxyl-containing photo catalysts with wide band gaps have also been found to have the strong photo oxidation abilities for organic pollutants [19] [20] [21] . First, the highly-positive valence band has not only endowed the photogenerated holes with a strong oxidizing ability, leading to the complete mineralization of organic pollutants without forming intermediate chemicals; Second 21 ] n double chains, with a featured layered structure. According to crystallographic data, the polycations double chains (Figure 1(b) (Figure 1(c) ), indicating that a hydrogen bond can form between them, which favors to stabilize the whole structure. These hydroxyl groups are verified by infrared spectra (IR) ( Figure S1 , seeing electronic supporting information (ESI)). In particular, the [ 28 . This interesting Figure 2 and Figure S4 (Seeing ESI) show the ultraviolet-visible diffusion reflectance spectra (UV-DRS) of Bi 2 O(OH) 2 SO 4 . In the absorption edge region of semiconductor, the square of absorption coefficient is linear with direct optical transition energy, whereas the square root of absorption coefficient linear with indirect optical transition energy 30 . As observed from the inset of Figure 2 , the plots of absorbency 2 ((ahn) 2 ) and absorbency 1/2 ((ahn)
) vs. photon energy (hn) in the absorption edge region are different: the plot of (ahn) 2 vs. hn is nearly linear, while the plot of (ahn) 1/2 vs. hn deviates from the fitted straight line. Hence, we could hold that the absorption edge of Bi 2 O(OH) 2 SO 4 is caused by direct optical transition. The optical band gap of Bi 2 O(OH) 2 SO 4 can be determined by Equation (1) as follows.
where n is dependent on the optical transition type of a semiconductor (n 5 1, direct absorption; n 5 4, indirect absorption) 31 , a, n, A and E g represent absorption coefficient, photon frequency, proportionality constant and band gap, respectively. From the plot of (ahn) 2 vs. hn, the direct band gap of Bi 2 O(OH) 2 SO 4 is determined to be 4.18 eV, corresponding to an optical absorption edge of 302 nm ( Figure S4 ). It is obvious that Bi 2 O(OH) 2 SO 4 has a wider band gap than Bi 2 O 3 ( Figure 3 ). Moreover, we have calculated the positions of conduction band (E CB ) and valence bands (E VB ) using Equations (2) and (3) as follows, respectively 32 .
Where x is the geometric mean of Mulliken's electronegativities of constituent atoms, E e is the energy of free electrons at the hydrogen scale (,4.5 eV), and E g is the band gap. The x value is calculated to be 6.80 eV, E VB and E CB are determined to be 4.39 and 0.21 eV, respectively. The highly positive valence band suggests that www.nature.com/scientificreports (CBM) at the G point further confirm the direct band gap property of Bi 2 O(OH) 2 SO 4 , in good agreement with the feature of the measured absorption spectrum. Meanwhile, the indirect transition from G point to B point is also allowed, in that the indirect band gap and the direct band gap at G point are fairly close energetically. The direct band gap between VBM and CBM is 3.88 eV, with an expected diminution that is frequently pointed out as a common feature of DFT calculations 33 . For Bi-based semiconductors, it is always found that the Bi 6s and O 2p orbits could form a preferable hybridized valence band (VB) 34 . Accordingly, a reasonable dispersed energy can be observed in Figure 4 (a), which would favor the transportation of the photogenerated electrons and holes, thus improving the photo catalytic activity 35 . The total density of states (DOS) and the partial DOS (Figure 4(b) ) are employed to explore the electronic properties of Bi 2 O(OH) 2 23 , and so on; (ii) In SO 4 22 group, a significant hybridization can be observed among S 3s, 3p and O 2p orbits located at 223 eV and 219 eV, respectively. The hybridization in VB favors for the formation of stable chemical bonds between oxygen and sulfur; (iii) At the energies higher than 25 eV, the H 1s and S 3s, 3p orbits contribute little to the VB top or CB bottom; (iv) The contribution of electronic state distribution of O (bonding to S) orbit to VB top seems much larger than that of O (bonding to Bi) orbit; (v) A large orbit hybridization occurs between H 1s orbits and O (bonding to Bi and S) orbits; (vi) For Bi 2 O(OH) 2 SO 4 , the charge transfer upon photo exciting occurs from the hybrid orbits of both O 2p and Bi 6s to the empty Bi 6p orbit. It is noted that the electronic structure can provide an important insight into the physicochemical behavior of materials. In fact, O (in SO 4 22 ) 2p orbit predominantly constitutes the VB top, but the contribution of H to band edge is negligible, suggesting that the addition of sulfate anion can adjust the band structure, thus resulting in a higher positive VB of Bi 2 O(OH) 2 (3) and (4) Their CBM values are positive, meaning that they cannot be used to directly acquire H 2 by water splitting. It is obviously observed from Figure 5 that both band gap and VBM value are positively correlated to the NOE of central atom. In other words, the type of anion appears to be a crucial factor to evaluate the intrinsic band structure and redox power of the semiconductors, but not an accidental. Walsh et al. 38 hold that the new ternary compounds photo catalysts (e.g., Bi 20 Figure 6 , the apparent reaction rate constants (k a ) are determined to be 0.024 min 21 The extensive work will be carried out to further improve its performance in future.
In Figure 6 (c), the trapping experiments for holes and radicals have been performed to explore the photo catalytic degradation process, in which ammonium oxalate and dimethylsulfoxide (DMSO) are used as the hole scavenger 42 and the radical scavenger 43 , respectively. The photo catalytic activity of Bi 2 O(OH) 2 SO 4 decreases slightly when adding 1 mmol ammonium oxalate, while the degradation reaction is obviously inhibited when adding 10 mL DMSO. This indicates that the hydroxyl radicals are the major active oxidative species for RhB over the Bi 2 O(OH) 2 SO 4 photo catalyst. To understand its stability, we have further investigated the XRD patterns of the sample after photo catalytic reaction ( Figure S2 of ESI) . It is obvious that its crystallinity decreases fairly slightly, indicating a high stability of Bi 2 O(OH) 2 SO 4 . Thus, Bi 2 O(OH) 2 SO 4 could be a promising, efficient photo catalyst in consideration of its low cost, high stability and strong photo oxidation ability.
Photo electrochemical properties. Electrochemical impedance spectroscopy (EIS) is measured to investigate the electron transfer (Figure 7) . Under UV illumination, the semicircle radius of Bi 2 O(OH) 2 SO 4 electrode is obviously smaller than that under darkness. Also, its semicircle radius is significantly smaller than that of commercial rutile TiO 2 under UV illumination or darkness. A smaller semicircle radius in Nyquist plot means a smaller electric resistance of electrode, which favor for electron transfer, thus leading to an efficient charge separation 44 . Therefore, we hold that the intrinsic layer structure of Bi 2 O(OH) 2 SO 4 favors for the transfer and separation of electron-hole pairs, leading to an improved photo catalytic properties.
The photo catalytic activity of material can be directly reflected by the transient photocurrent generated under light illumination 45 . As shown in Figure 8 , the photocurrent of Bi 2 O(OH) 2 SO 4 electrode can continuously generate while light-on, and its photocurrent density is greatly larger than that of commercial rutile TiO 2 . The unique layer structure may favor for the separation and transfer of charges. The result is in accord with the order of photo catalytic activity, because ) of commercial rutile TiO 2 . Its high degradation activity seems closely relative to the characteristic layer structure that may favor for the separation and transfer of charges. Herein, we hold that two main factors play an important role in the photo catalytic oxidation of RhB dye: (i) the separation and transfer efficiencies of photogenerated electrons and holes; (ii) the number of the formed ?OH radicals. To conclude, the layered Bi 2 O(OH) 2 SO 4 compound has been developed as a new, wide band-gap photo catalyst. The co-presence of both hydroxyl and sulfate anion, as well as its unique layered structure mainly endow Bi 2 O(OH) 2 SO 4 with a high photo catalytic properties. The PDOS and TDOS results reveal that the intercalated SO 4 22 is mainly responsible for the wide band gap and highly positive VB. The study would provide an important strategy to develop new photo catalysts by grouping anions with the existing oxides or sulfides photo catalysts.
Methods
Sample preparation. All the reagents were analytical grade, purchased from Shanghai chemical company in China and used without further purification. Bi 2 O(OH) 2 SO 4 was synthesized by a simple water-bath method. Typically, 1 mmol Bi(NO 3 ) 3 ?5H 2 O was added into 30 mL distilled water at room temperature under stirring, until the Bi(III) ions dissolve completely. Then, 1 mmol Na 2 SO 4 was added to the system above. The mixture was heated at 60uC for 6 h in water bath. After reaction, the pH value of supernatant is determined to be about 1-2. The resultant precipitate was washed with distilled water and absolute ethanol for several times, respectively. Finally the sample was dried at 60uC for 6 h.
Sample characterizations. The crystal structures of the samples were determined by X-ray powder polycrystalline diffractometer (Rigaku D/max-2550VB), using graphite monochromatized Cu K a radiation (l 5 0.154 nm), operating at 40 kV and 50 mA. The XRD patterns were obtained in the range of 20-80u (2h) at a scanning rate of 7u min-1. The samples were characterized on a scanning electron microscope (SEM, Hitachi SU-1510) with an acceleration voltage of 15 keV. The samples were coated with 5-nm-thick gold layer before observations. The fine surface structures of the samples were determined by high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2100F) equipped with an electron diffraction (ED) attachment with an acceleration voltage of 200 kV. UV-vis diffused reflectance spectra (UV-DRS) of the samples were obtained using a UV-vis spectrophotometer (UV-2550, Shimadzu, Japan). BaSO 4 was used as a reflectance standard in a UV-vis diffuse reflectance experiment. Nitrogen sorption isotherms were performed at 77 K and , 10 24 bar on a Micromeritics ASAP2010 gas adsorption analyzer. Each sample was degassed at 150uC for 5 h before measurements. Surface area was calculated by the Brunauer-Emmett-Teller (BET) method.
Measurements of photocurrents and EIS. An electrochemical system (CHI-660B, China) was employed to measure the photocurrents and electrochemical impedance spectroscopy (EIS). Electrochemical impedance spectroscopy (EIS) was performed from 0.1 Hz to 100 kHz at an open circuit potential of 0.3 V and an alternating current (AC) voltage amplitude of 5 mV. The data were analyzed by ZSimWin software. Photocurrent measurements were carried out in a conventional threeelectrode system, in which indium-tin oxide (ITO) glass was used as the current collector to fabricate photo electrode, and 0.1 M Na 2 SO 4 was used as the electrolyte solution. TiO 2 /ITO and Bi 2 O(OH) 2 SO 4 /ITO photo electrode were prepared by a dipcoating method. The photo electrode was implemented as the photo anode in a photoelectrochemical cell (PEC). IPCE measurement of Bi 2 O(OH) 2 SO 4 under air mass (AM) 1.5 illumination coupled with a series of band-pass filters.
Evaluation of photo catalytic activity. The photo catalytic activity of the sample was evaluated by the degradation of rhodamine B (RhB) aqueous solution under UV light (l , 420 nm), using a 300 W Xe arc lamp (CEL-HXF 300) equipped with an ultraviolet cutoff filter as a light source. The photo reaction system was placed in a sealed black box with the top opened, and was maintained a distance of 15 cm from the light source. The photo catalysts (100 mg) were dispersed in 200 mL of 10 mg/L RhB aqueous solution in a Pyrex beaker at room temperature. Before lamp was turned on, the suspension was continuously stirred for 30 min in the dark to ensure the establishment of an adsorption-desorption equilibrium between the catalysts and RhB. During degradation, 3 mL of solution was collected at an interval of irradiation by pipette, and subsequently centrifuged to remove the photo catalysts. UV-vis spectra were recorded on a Spectrumlab 722sp spectrophotometer to determine the concentration of RhB. The photo catalytic activity is characterized by an apparent first-order rate constant (k a ), which can be calculated using Equation (4) Where C 0 is the initial concentration of RhB solution, and C is the concentration of RhB at t-min irradiation.
Theoretical calculations. The simulations of band structures, total and partial densities of states (DOS) were calculated by density functional theory (DFT) as implemented in the CASTEP. The calculations were carried out using the generalized gradient approximation (GGA) level, and Perdew-Burke-Ernzerh (PBE) formalism for combination of exchange and correlation function. The cut-off energy is chosen as 380 eV, and a density of (3 3 2 3 5) Monkhorst-Pack K-point was adopted to sample the Brillouin zone.
